Atrial fibrillation (AF) is increased in patients with heart failure resulting from myocardial infarction (MI). We aimed to determine the effects of chronic ventricular MI in rabbits on the susceptibility to AF, and underlying atrial electrophysiological and Ca 2+ -handling mechanisms.
Introduction
Atrial fibrillation (AF), often co-existing with heart failure (HF) as a result of myocardial infarction (MI), is the most common sustained cardiac arrhythmia. It causes substantial morbidity and mortality, and is associated with electrical, structural, and contractile remodelling of the atrial myocardium.
1,2 Both re-entrant and non-re-entrant arrhythmias underlie AF initiation and maintenance, and which predominates depends on underlying cardiac pathophysiology and the pattern of associated atrial remodelling. 3 Chronic ventricular tachypacing (VTP) models of HF-induced AF have been shown in numerous studies to cause atrial structural and electrophysiological remodelling, with a variety of changes in ion currents, action potentials (APs), and intracellular Ca 2+ (Ca 2+ i ) handling. For example, AP duration (APD) is either increased, 4 ,5 unchanged, 6 or shortened; 7 the Ca 2+ i -transient amplitude is increased 5 (in contrast with a decrease, in the ventricle), 8 and delayed afterdepolarizations (DADs) also occur. 4 However, there are few studies of effects of chronic ventricular MI-induced HF on atrial electrophysiology: in rats 9 and dogs, 10 MI
promoted AF, and in dogs produced an alternating AP morphology, AP alternans. 10 Moreover, there are no reports, to our knowledge, of effects of chronic MI on atrial Ca i -handling remodelling from chronic MI were studied in rabbits 11, 12 and, although atrial enlargement occurred, no atrial electrophysiological or Ca 2+ -handling parameters were measured. HF, in patients, is associated with increased adrenergic tone and elevated circulating levels of catecholamines. 13 predominates.
Atrial conduction disturbances associated with structural changes, including fibrosis, chamber enlargement, and hypertrophy are well established, leading to increased vulnerability to AF. 1, 21, 22 Decreased conduction velocity (CV) from fibrosis could promote re-entry by decreasing re-entry wavelength (l), since l ¼ CV × ERP (effective refractory period). Altered atrial gap junction organization and connexin expression could also disturb intercellular connectivity, with the potential to decrease or increase CV. 23 Furthermore, disruption of atrial transverse-tubules (t-tubules), as shown in a sheep VTP model of AF, 24 may contribute to hypocontractility, Ca 2+ i -handling changes, and an increased propensity to arrhythmia in these diseased hearts. However, the effects of MI on atrial CV or the t-tubular network are also unknown.
We hypothesized that chronic MI would promote AF under b-stimulation, associated with any or all of the following: decreased atrial l, increased APD alternans, increased DADs, altered Ca 
Atrial cardiomyocyte isolation
Atrial cells were enzymatically dissociated as previously described. 25 Briefly, the left atrium (LA) was dissected from the collagenase-digested heart, finely chopped, and gently shaken in enzyme, at 378C. Tissues were re-suspended in enzyme and agitated, the supernatant centrifuged, and the cardiomyocyte pellet re-suspended in KB solution comprising ( 
T-tubule density measurement
T-tubule density quantification was based on a previous report. 26 Briefly, cardiomyocytes were suspended in Krebs -Henseleit solution containing di-4-ANEPPS (10 mM) for 10 min. Confocal fluorescence Z-stack images were obtained with 1 mm inter-segment spacing, using an LSM510 laser-scanner. From a binary image of internal membranes, pixels with intensity ≥mean pixel value of the peripheral sarcolemma were attributed to t-tubule, and t-tubule density calculated relative to the total number of pixels occupied by the cell width in central segments, using custom-made software.
Intact heart atrial electrophysiological and optical recording
Hearts were Langendorff perfused with Tyrode's solution comprising (mM): NaCl (120.9), KCl (5), MgSO 4 (1), KH 2 PO 4 (0.7), NaHCO 3 (24.8), CaCl 2 (1.8), glucose (15), 95% O 2 /5% CO 2 , with blebbistatin (mechanical uncoupler, 10 mM), with or without the b-adrenoceptor-agonist isoproterenol (ISO), 1 mM or the I CaL -blocker nifedipine (0.3 nM23 mM), at 378C, 35 mL/min. Drugs were protected from light during preparation and perfusion. Hearts were either unpaced, or paced (as specified) at 5 Hz with 2 ms pulses of twice diastolic threshold via bipolar electrodes hooked onto the right atrial appendage. Atrial vulnerability to AF induction was tested with a standard AF threshold (AFT) protocol: after 5 Hz pacing, short (1 s) bursts of high frequency (100 Hz) current pulses were delivered to the LA, increasing in 5 mA steps from 5 to 100 mA, until AF was induced. AFT was measured as the amplitude of the smallest current inducing AF lasting .4 s, and a median value from five induction attempts calculated. For optical AP recording, hearts were loaded with di-4 ANEPPS (2 mM, 100 mL bolus), and APs measured from the LA epicardial surface using a 3 mm diameter light guide system. AP shape was assessed, including APD measurement at 50, 75, and 90% repolarization (APD 50, 75, 90 ), and alternans magnitude was calculated as the mean of the absolute difference between consecutive APDs. LA CV was measured, in paced hearts, with a custommade electrode comprising bipolar pacing electrodes and two electrogramrecording electrodes (1 mm apart), rotatable to allow CV measurement in the direction of fastest signal propagation, giving an estimate of atrial global CV. Data were acquired using custom-written programs (FL Burton), and analysed using those, MATLAB, or Origin 6.1.
Cellular electrophysiology and [Ca 21 ] i
LA cardiomyocytes were superfused with a Krebs -Henseleit solution comprising (mM): NaCl (140), KCl (4), HEPES (5) Figure 3A shows an original recording of APD alternans, from an intact, paced, MI heart, in the absence of b-stimulation. In the unpaced hearts, the mean magnitude of APD alternans was not significantly affected by MI, either in the absence or presence of b-stimulation ( Figure 3B ). However, in the paced hearts, MI significantly increased APD alternans ( Figure 3C) , particularly, at APD 90 , by 147% in the presence of b-stimulation, and by 103% in its absence (Figure 3Ciii ).
Under b-stimulation, APD was not altered by MI
b-Stimulation increased intrinsic heart rate by 50 -60% in non-MI and MI hearts (Figure 4Ai ). In unpaced ( Figure 4A ) and paced ( Figure 4B) hearts, under b-stimulation, MI had no significant effect on optically recorded atrial AP morphology or APD 50 -90 . In contrast, in the absence of b-stimulation, MI increased APD 75 and APD 90 , in unpaced ( Figure 4A ) and paced ( Figure 4B ) hearts. Figure 4C shows corresponding AP data obtained from isolated cardiomyocytes, comparable except for the lower stimulation rate (1 Hz), which perhaps accounts for the 'spikier' AP phase 1 (Figure 4Ci) . Neither ISO nor MI affected RMP (Figure 4Cii ) and, in agreement with the intact atrial AP data, MI had no significant effect on APD in the presence of b-stimulation (Figure 4Ciii-v) , and tended to prolong APD in its absence.
Under b-stimulation, I
CaL and systolic [Ca 21 ] i were decreased by MI Figure 5 shows that in the presence of b-stimulation, but not in its absence, I CaL density and Ca 2+ flux through I CaL ( Figure 5A and B) , and the systolic Ca 
Discussion
This is the first study, to our knowledge, to characterize the effects of chronic LV MI, rather than chronic VTP, on atrial Ca 2+ i handling and electrophysiology. We recorded from intact atria, and isolated cardiomyocytes, with and without a b-agonist. The key findings are that under b-stimulation, MI promoted AF, APD alternans, and cellular SDs, associated with reduced I CaL , Ca i -handling proteins. 14 We used ISO at supra-maximal concentration to ensure full adrenergic activation, but recognize that this is also supraphysiological. The APD alternans could contribute to the increased AF susceptibility, by promoting spatial electrical heterogeneity and wavebreak. 10 Since the SDs were not observed in intact atrium, this might suggest the alternans as the more likely contributor to the increased AF susceptibility. However, although isolated cardiomyocytes are more prone to afterdepolarizations than tissues, due to the absence of current sink, we cannot exclude the possibility that SDs occurred also in the intact hearts, remote from the myocardial region sensed by the fibre-optic detector. In support, chronic VTP-induced HF promoted DADs in atrial cells 5 and triggered-activity characteristic or DADs in intact atria. 4 Moreover, since MI increased APD alternans with or without ISO, yet MI increased AF susceptibility only with ISO, this argues against APD alternans as the sole potential electrophysiological mechanism, with the accompanying increase in SDs, as resulted from MI exclusively under b-stimulation, perhaps required. MI affected neither atrial APD 90 nor CV, under b-stimulation, and thus might not affect re-entry wavelength. However, although APD at late repolarization is a major determinant of ERP, the ERP has yet to be measured in this model. Furthermore, the MI is likely to increase atrial fibrosis, as in rats. 9, 28 In rabbits, atrial fibrosis and inter-atrial conduction time were increased by VTP, 29 and VTP-induced fibrosis in dogs was associated with spatial heterogeneity of CV, and local conduction abnormalities. 21 Increased atrial myofibroblast density 21 could promote AF via multiple arrhythmia mechanisms since, when coupled to cardiomyocytes, myofibroblasts can act as current sources and/or sinks, depending on myofibroblast density, distribution, and coupling strength, thereby modulating AP characteristics and CV, including production of SDs and alternans. 30 Such fibrosis had a greater bearing on atrial CV disturbances and AF than gap junction remodelling (altered connexin subtype expression ratios, phosphorylation status, and cellular distribution), from chronic VTP. 31 Nevertheless, whether atrial gap junctions are altered in the present model is unknown and the potential for such remodelling to disturb CV and cause arrhythmias, as proposed in failing ventricle, 23 should not be excluded. We recorded CV at a fixed location, in the direction of fastest signal propagation, and acknowledge that extensive spatial, high-resolution analysis would be required to establish the contribution of local changes in CV and its heterogeneity to AF inducibility.
The present lack of effect of MI on atrial APD, under b-stimulation, contrasts with a canine model of chronic MI and sympathetic stimulation by tyramine, in which APD was decreased. 32 We found that without b-stimulation, atrial APD was increased by MI. Previous studies of atrial electrophysiological remodelling by HF in rabbits used chronic VTP rather than MI, without b-stimulation, and showed increased APD, 33 consistent with the present data, as well as increased ERP 33 and altered K + channel expression. 34 The present APD increase is also consistent with several canine VTP studies, e.g. decreased I TO . 35 Atrial APD decrease also occurs, after long-term (4 months) VTP in dogs, 7 and with LV systolic dysfunction in patients. 36 The ionic mechanism of the APD increase from chronic MI in rabbits is unknown, whereas in dogs, VTP decreased atrial I TO , I CaL , and I Ks , and increased I Na/Ca . studied by de-tubulating rat ventricular myocytes using formamide, which decreased the Ca 2+ i transient and slowed its decay, and de-synchronized SR Ca 2+ release. 48 MI did not affect the Ca and cytoplasmic [Ca 2+ ]. 49 Chronic MI caused frequent failure of AP propagation into subcellular regions which underwent t-tubule remodelling, producing local 'SDs'. 50 Increased SR Ca 2+ leak and spontaneous Ca 2+ i waves also promote SDs. 51, 52 In conclusion, chronic MI in rabbits remodels atrial structure, electrophysiology and Ca 2+ i handling. Increased susceptibility to AF by MI, under b-stimulation, may result from associated production of atrial APD alternans and SDs, since steady-state APD and global CV were unchanged under these conditions, and may be unrelated to the associated reduction in whole-cell I CaL . Further studies in this model are warranted, to clarify potential contributions of local conduction changes, and cellular and subcellular mechanisms of alternans, to the increased susceptibility to AF.
